Introduction
Carbon nanotubes (CNTs) are poised to make themselves the 'materials of the millennium' due to their unique characteristics, such as good mechanical properties 1,2 good electrical conductivity [3] [4] [5] and other special functional properties, 6, 7 which have culminated in various technological developments in recent times. The exceptional properties of these 'miracle materials', as they are called by Karel, 8 have provoked the interest of many researchers, scientists and technologists from all parts of the world. Some of the applications of these materials are energy storage, 9 hydrogen storage, [10] [11] [12] field emission, 13 nanoelectric devices, 14 artificial muscle, 15 reinforcing materials 16 and catalyst support in fuel cells. 17, 18 This versatility in the applications of CNTs places their price in the international market as high as five hundred U.S. dollars per gram.
Since CNTs were discovered by Iijima, 19 various methods for their production have been developed. [20] [21] [22] [23] [24] The chemical vapour deposition (CVD) method has been identified as the best for large-scale production of the materials. 25, 26 In the same vein, many other carbon nanomaterials are usually associated with the CVD production technique; some of these nanomaterials are carbon nanoballs, 27 carbon nanofibres, 28 carbon nanorods 29 and even diamond particles. 30 Chemical vapour deposition production of CNTs has employed different carbon and catalyst sources [31] [32] [33] which have significant effects on the type and quality of CNTs produced. This paper presents another CVD technique termed swirled floating catalyst chemical vapour deposition (SFCCVD) which employs acetylene as the carbon source and ferrocene dissolved in xylene as the catalyst precursor to produce CNTs on a continuous basis. The analyses of these products revealed that the mixture of single-and multi-walled carbon nanotubes produced were of high purity. Diamond films were also produced alongside these materials.
Methods
The apparatus used for the production of CNTs was developed by Iyuke, 34 presented schematically in Fig. 1 . The equipment consisted of a vertical silica plug flow reactor (1) immersed in a furnace (2) with a sensitive temperature regulator, and a system of rotameters, pressure controllers and valves that controlled the flow of hydrogen, nitrogen, argon and acetylene gases into the reactor. The upper end of the reactor was connected to a condenser (3) which led to two delivery cyclones (4 and 5) where the CNTs produced were collected. The ferrocene catalyst was dissolved in xylene at specific quantities and pumped (8) at regular intervals into a ferrocene vaporiser (6) placed on a heater with a sensitive temperature regulator. This catalyst vaporiser was connected to the swirled mixer (7) which in turn led into the reactor.
Nitrogen was first turned on to purge the system of any impurity. The reactor and ferrocene heater were switched on while the nitrogen was running. At a reactor temperature of about 300°C, nitrogen was turned off to prevent it from reacting with oxygen. Argon was then turned on at a prescribed flow rate to continue purging and to act as a carrier gas. At reactor temperatures of 900°C, 950°C, 1 000°C, 1 050°C and 1 100°C, and a catalyst heater temperature of 150°C, ferrocene dissolved in xylene was pumped into the vaporiser at intervals while hydrogen and acetylene gases were turned on at specified flow rates. The system was run continuously while the catalyst was pumped into the vaporiser at regular intervals. The smoky product, or carbon vapour emitted from the reactor, was cooled at the condenser and collected in the cyclones. The wall of the reactor was also scraped clean of CNTs. These raw CNTs were treated with 30% HNO 3 and stirred for 2 h at room temperature. The
Various techniques for the synthesis of carbon nanotubes (CNTs) are being developed to meet an increasing demand as a result of their versatile applications. Swirled floating catalyst chemical vapour deposition (SFCCVD) is one of these techniques. This method was used to synthesise CNTs on a continuous basis using acetylene gas as a carbon source, ferrocene dissolved in xylene as a catalyst precursor, and both hydrogen and argon as carrier gases. Transmission electron microscopy analyses revealed that a mixture of single and multi-wall carbon nanotubes and other carbon nanomaterials were produced within the pyrolytic temperature range of 900-1 100°C and acetylene flow rate range of 118-370 ml min -1 . Image comparison of raw and purified products showed that low contents of iron particles and amorphous carbon were contained in the synthesised carbon nanotubes. Diamond films were produced at high ferrocene concentration, hydrogen flow rate and pyrolysis temperatures, while carbon nanoballs were formed and attached to the surface of the CNTs at low ferrocene content and low pyrolysis temperature.
: SFCCVD, CNTs, continuous production, pyrolysis, diamond films solid products were filtered, washed repeatedly with distilled water until a pH of 7 was achieved, and dried at 120°C in hot air for 12 h. The as-synthesised and purified samples were analysed and characterised. A JSM 840 scanning electron microscope (SEM) and a high-resolution transmission electron microscope (HRTEM, Phillips CM200) were used to investigate the surface morphology of both as-synthesised and purified carbon nanomaterial samples. A trace amount of each of these samples was ultrasonically vibrated in methanol until they were well dispersed and formed a suspension in the solvent. A drop of this suspension was spread on a 300-mesh copper grid with lacy carbon thin film and allowed to dry. After drying, the grid was loaded into the instrument for TEM operation using 100 keV. X-ray diffraction (XRD) patterns of the products were recorded by a Philips X Pert X-ray diffractometer with graphite monochromatised copper Kα-radiation.
Results and discussion
The SFCCVD method was used to synthesise various carbon nanomaterials at different flow rates of the carbon source (acetylene) and carrier gas (hydrogen), and different catalyst concentrations (based on the percentage of ferrocene dissolved in xylene). Figure 2a shows the image of as-synthesised single-walled carbon nanotubes (SWCNTs) obtained at a concentration of 10% ferrocene, a pyrolysis temperature of 1 100°C and an acetylene flow rate of 248 ml min -1 . This sample contained traces of iron impurities trapped within the tubes. This was due to excess iron particles that could not form nucleation sites for carbon nanotube growth. The image of a purified SWCNT shown in Fig. 2b reveals that the acid treatment removed the iron impurities in the tubes. The two images show little or no amorphous carbon. The images of as-synthesised and purified multi-walled carbon nanotubes (MWCNTs), produced at 3% ferrocene and 1 000°C, are shown in Figs 3a and 3b, respectively. Comparing these samples, it can be seen that both contained trace amounts of both iron impurities and amorphous carbon. This could be attributed to the limit of solubility of ferrocene in xylene at room temperature. 35 This supports the finding of Liu et al. 35 that at low ferrocene concentrations, the catalysis efficiency of ferrocene is high. Though the quantity of CNTs produced at lower ferrocene concentrations was small, the low amorphous carbon and iron particles in the samples resulted in formation of clean CNTs. The effects of ferrocene concentration and pyrolysis temperature on the rate of production of carbon nanomaterials are presented in sections 3.1 and 3.2, respectively.
Effect of ferrocene concentration
The ferrocene catalyst was the precursor for iron particles which acted as the nucleation sites for the growth of CNTs. Xylene was used as a solvent to dissolve the ferrocene for easy transportation into the heater and also functioned as a CNT growth promoter. Figure 4a shows the SEM image of clustered CNTs produced at a ferrocene concentration of 3% and a pyrolysis temperature of 1 050°C. Figure 4b presents the TEM image of the carbon nanoballs (indicated by the arrows) obtained at a ferrocene concentration of 2% and a pyrolysis temperature of 900°C. These carbon nanoballs were formed due to a low content of ferrocene at low pyrolysis temperature, as reported by Liu et al. 35 The xylene might have assisted in the formation of these carbon nanoballs since low catalyst content at high temperature is known to result in CNTs with a high content of amorphous impurities. Figure 5 shows that varying the concentration of ferrocene had a significant effect on the production rate of carbon nanomaterials. It can be seen that the highest production rate of 0.36 g min -1 was obtained at a 10 wt% concentration of ferrocene in xylene and an acetylene flow rate of 248 ml min -1 at 1 100°C.
Effect of pyrolysis temperature
The effect of pyrolysis temperature on the rate of production of carbon nanomaterials at various flow rates of acetylene, various 
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concentrations of ferrocene and a constant hydrogen flow rate of 181 ml min -1 is shown in Fig. 6 . Attempts were made to produce carbon nanoparticles at lower temperatures (750-850°C) but no products were obtained. The pyrolysis temperatures were therefore varied between 900°C and 1 100°C. The rate of production of carbon nanomaterials was significantly affected by the pyrolysis temperature as well as the acetylene flow rate. The highest production rate was observed at 1 100°C, at an acetylene flow rate of 248 ml min -1 .
Production of diamond films
At an acetylene flow rate of 248 ml min -1 , hydrogen flow rate of 181 ml min -1 and pyrolysis temperatures between 1 000°C and 1 100°C, diamond particles as well as glassy carbon were produced alongside CNTs. The production of these diamond particles (Figs 7a and 7b) could be attributed to the ionisation of hydrogen gas at high temperatures. The diamond films were however, thermodynamically unstable as they disappeared after a few minutes. Figure 8 shows the XRD analysis of the samples obtained at a temperature of 1 000°C, an acetylene flow rate of 248 ml min -1 , hydrogen flow rate of 181 ml min -1 , and 10 wt% and 2 wt% concentrations of ferrocene, respectively. The analysis confirms the presence of diamond flakes and glassy carbon identified as graphite nitrate; the nitrogen in the nitrate may have been from the traces contained in the argon and hydrogen gases (Afrox), which were 4 and 2 volume per million (Vpm), respectively.
It was observed that the rate of production of diamond films increased with increases in the concentration of ferrocene, hydrogen flow rate and pyrolysis temperature. These parameters play significant roles in the quality of synthesised CNTs and are therefore contributing factors in the formation of these diamond particles. 36 The excess iron impurity in the synthesised CNTs might have been responsible for the nucleation of diamond which grew at high pyrolysis temperature. Carbon nanotubes containing high amounts of amorphous carbon as the nucleation precursor will produce graphite, rather than diamond, at the pyrolysis temperatures studied due to graphite's lower energy state. 37 However, the trace amount of amorphous carbon in the CNTs produced possibly makes the iron catalyst lose its activity, leading to the formation of diamond films with less developed morphology. The thermodynamic stability, morphology and crystal size of these diamond films are still under study.
Conclusion
The SFCCVD method presents a novel, continuous synthesis of both single-and multi-walled carbon nanotubes, as well as other nanomaterials, with a maximum production rate of 0.36 g min -1 which allows mass production of these materials and presents a breakthrough in the production of CNTs. These CNTs contained trace amounts of iron impurities and amorphous carbon. Diamond films were formed at high ferrocene concentrations, hydrogen flow rate and pyrolysis temperatures, while carbon nanoballs were formed at low ferrocene concentration and pyrolysis temperature. The higher the acetylene flow rate, the higher the rate of production of these nanomaterials. University of Technology is much appreciated. The technical support given by
